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,Q WKHXSZDUG WUHQGRI UHQHZDEOH HQHUJ\JURZWK VHYHUDO SURSRVDOV KDYHEHHQPDGH FRQFHUQLQJHQHUJ\KDUYHVWLQJ
GHYLFHV LQ WUDQVSRUWDWLRQ LQIUDVWUXFWXUH QHWZRUNV 7KH REMHFWLYH FRQFHUQLQJ KLJKHU SRZHU H[WUDFWLRQ LV WR VXSSO\
SRZHU WRDX[LOLDU\ V\VWHPV HJ URDG OLJKWVRU LQIRUPDWLRQSDQHOV WKXV VDWLVI\LQJ WKH UHTXLUHPHQW IRU VXVWDLQDEOH
WUDQVSRUWDWLRQ LQIUDVWUXFWXUHV7KHSXUSRVHRI WKLV SDSHU LV WRGHILQH DEURDGHU IUDPHZRUNRI HQHUJ\ H[WUDFWLRQ IRU
WUDQVSRUWDWLRQ LQIUDVWUXFWXUH QHWZRUNV:LWKLQ WKLV IUDPHZRUN D QRYHO GHYLFH IRU WKH YLEUDWLRQ HQHUJ\ KDUYHVWLQJ











IRU ZLUHV ZKLOHPRUH UHFHQWO\ SURSRVDOV KDYH EHHQPDGH FRQFHUQLQJ KLJKHU SRZHU HQHUJ\ KDUYHVWLQJ
GHYLFHVLQWKHXSZDUGWUHQGRIUHQHZDEOHHQHUJ\JURZWK,QWKHODWWHUFDVHWKHPDLQREMHFWLYHLVWRVXSSO\
SRZHU WR DX[LOLDU\ V\VWHPV HJ URDG OLJKWV RU LQIRUPDWLRQ SDQHOV WKXV VDWLVI\LQJ WKH UHTXLUHPHQW IRU
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HQHUJ\ HIILFLHQF\ YLVLRQ ,Q IDFW D ORW RI UHVHDUFK WDNHV SODFH LQ WKH ODVW IHZ \HDUV LQ YDVWO\ GLIIHUHQW
VHFWRUV IRU HVWDEOLVKLQJ URDGPDSV WKDW QDWLRQDO DGPLQLVWUDWLRQV VKRXOG IROORZ± VHH IRU H[DPSOH5((%
IRUWKHHQHUJ\HIILFLHQF\LQLQIRUPDWLRQDQGFRPPXQLFDWLRQWHFKQRORJ\LQ(XURSH



















7KH SURSRVHG FODVVLILFDWLRQ KHOSV VHWWLQJ WKH IUDPHZRUN IRU SRVVLEOH IXWXUH DSSOLFDWLRQV WKH
DVVHVVPHQWRIWKHLUHIILFLHQF\DQGWKHLUSURVSHFWV
(QHUJ\+DUYHVWLQJRQDPDFURVFDOH
*HQHUDOO\ ZLWK PDFURVFDOH HQHUJ\ KDUYHVWLQJ LV LQWHQGHG WKH HQHUJ\ SURGXFWLRQ IRU VXSSO\LQJ WKH
HOHFWULFDOJULG7KHSURGXFHGHQHUJ\LVFRPPRQO\NQRZQDVUHQHZDEOHHQHUJ\WKHFXUUHQWH[SORLWDWLRQRI
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(QHUJ\+DUYHVWLQJRQDPHVRVFDOH
,WLVSRVVLEOHWRGHILQHDVHQHUJ\KDUYHVWLQJRQDPHVRVFDOHDOOWKRVHDSSOLFDWLRQVRIHQHUJ\KDUYHVWLQJ
WKDWKDYHDVDQREMHFWLYH WKH VXSSO\RISRZHU WRV\VWHPVRWKHUZLVHSRZHUHGE\ WKHHOHFWULFDOJULG7KH









0LFURVFDOH HQHUJ\ KDUYHVWLQJ DLPV WR WKH SRZHULQJ RI VHQVRUV RU RWKHU VPDOO HOHFWURQLF GHYLFHV
LQFOXGLQJ WKRVH EDVHG RQ 0(06 0LFUR (OHFWUR 0HFKDQLFDO 6\VWHPV WKDW UHTXLUH VPDOO DPRXQWV RI











RSWLRQ ,Q WKH VDPH SDSHU WKH SRZHU UHTXLUHPHQWV RI H[LVWLQJ DQG HPHUJLQJ VHQVLQJ PRGDOLWLHV DUH
GLVFXVVHG DQG IXWXUHGLUHFWLRQV DUHJLYHQ7UDIILFLQGXFHGYLEUDWLRQVRQEULGJHV DUHQRQSHULRGLF YHU\
VPDOO LQ DPSOLWXGH DQG ORZ LQ IUHTXHQF\ .LP HW DO  IRFXVLQJ RQ KLJKZD\ EULGJHV DQG
SLH]RHOHFWULFPDWHULDOV DQG DIWHU SURYLGLQJ WKH WKHRUHWLFDO EDFNJURXQG WHVW YDULRXV VWUXFWXUDO UHVSRQVH
FKDUDFWHULVWLFVRIWKHEULGJHPHPEHUVDQGFRPSDUHWKHUHVXOWVZLWKZHOONQRZQDQDO\WLFDOIRUPXODWLRQV
+RZHYHU PRVW UHVHDUFKHV IRFXV RQ DSSOLFDWLRQV RQ ORQJ VSDQ EULGJHV IRU ZKLFK WKH GHSOR\PHQW RI
ZLUHOHVV6+0VHQVRUV FRQVLGHULQJ WKHHOLPLQDWLRQRI KDUGZLULQJ IURP WKH WRZHUVDQGDORQJ WKHGHFN
FRXOG EH PRUH DGYDQWDJHRXV $VKHER HW DO  REWDLQHG EULGJH DQG SDYHPHQW YHKLFOH LQGXFHG
YLEUDWLRQV DQG FRPSXWHG WKHLU WKHRUHWLFDO SRZHU RXWSXW *DOFKHY HW DO  SURSRVHG DQ
HOHFWURPDJQHWLFLQHUWLDOPLFURSRZHUJHQHUDWLRQV\VWHPIRUKDUYHVWLQJYLEUDWLRQVSUHVHQWRQEULGJHVDQG
YHULILHGWKHUHVXOWVRQDORQJVSDQVXVSHQVLRQEULGJH
2WKHU WUDQVSRUWDWLRQ LQIUDVWUXFWXUHV VXEMHFW WR SDUWLFXODU HQYLURQPHQWDO DQG WUDIILF FRQGLWLRQV DUH




WKHYLEUDWLRQVDUH WRR VPDOO WREHKDUYHVWHGZLWK WRGD\¶V WHFKQRORJ\ZLWK WKHH[FHSWLRQRI WKH UDLOZD\
WUDFNYLEUDWLRQV ,Q WKDWFDVHDVPDOODPRXQWRIHQHUJ\FRXOGEHKDUYHVWHGVXLWDEOHRQO\ IRUSRZHULQJ
XQGHUVSHFLILFFRQGLWLRQVVRPHWKLQJDVVPDOODVDZLUHOHVVVHQVRUQRGH
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V\VWHPV 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 WKXV VDWLVI\LQJ WKH UHTXLUHPHQW IRU VXVWDLQDEOH
LQIUDVWUXFWXUHV([DPSOHVLQFOXGHSLH]RHOHFWULFURDGVDQGUDLOZD\VVHHIRUH[DPSOH,QQRZDWWHFKLQ
ZKLFK WKHPRYHPHQWRIYHKLFOHV LQGXFHVD VWUDLQ WRSLH]RHOHFWULFPDWHULDOVXQGHUQHDWK WKHSDYHPHQWRU
WKHUDLOZD\WUDFNWKXVSURGXFLQJHQHUJ\7KH(DVW-DSDQ5DLOZD\&RPSDQ\-5(DVWLVFDUU\LQJRXWWHVWV
RQSLH]RHOHFWULF IORRUV LQ WKH7RN\RVXEZD\VWDWLRQDQG WKHSURGXFHGHQHUJ\FRXOGEHXVHG WR UXQ WKH
DXWRPDWLF WLFNHW JDWHV DQG HOHFWURQLF GLVSOD\ V\VWHPV 7HFKRQ  7KH GXDOLW\ LV HYLGHQW ZLWK WKH









WKH HQHUJ\ FRVW RI WKH VWUXFWXUDO V\VWHP (&66 ,I WKH UHVRXUFH LV QDWXUDO UHQHZDEOH UHVRXUFHV VXFK DV
ZLQGDQGVXQ(+ LV LQILQLWH VLQFH LW LV DVVXPHG WKDW UHVRXUFHV LQQDWXUHDUH LQILQLWHDQG(&66 LV]HUR
VLQFHWKHVROHSXUSRVHRIWKHVWUXFWXUHLV WKHHQHUJ\H[WUDFWLRQ,I WKHUHVRXUFHLVDUWLILFLDOHJEULGJH
MRLQWVZLWKSLH]RHOHFWULFGHYLFHV(+LVILQLWHVLQFHDUWLILFLDOUHVRXUFHVDUHQRWLQILQLWHHJLQWKHFDVHRI
HQHUJ\H[WUDFWLRQIURPD VWUXFWXUDOPRWLRQVLQFH WKH ODWWHU LV ILQLWHDFFRUGLQJO\ LWZLOOEH WKHH[WUDFWHG





VWUXFWXUH ZLWKRXW DQ HQHUJ\ H[WUDFWLRQ V\VWHP DGGLWLRQDO FRVW LV GXH WR VWUXFWXUDO DGMXVWPHQW IRU WKH
HQHUJ\H[WUDFWLRQ
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IUHHZD\V ZKHUH YLEUDWLRQV DUH ORZ RU QRQH[LVWHQW LV SUHVHQWHG 7KH LGHD LV WR SURGXFH HOHFWULFLW\ E\
PHDQV RI D SLH]RHOHFWULF PDWHULDO XVLQJ WKH ZLQGLQGXFHG YLEUDWLRQV RQ WKH EDVH RI D ODUJH RXWGRRU
DGYHUWLVLQJVWUXFWXUHDELOOERDUG7KHSURGXFHGHOHFWULFLW\FRXOGEHVWRUHGDQGXVHG$VWUDLJKWIRUZDUG



































7KH ZLQG IRUFHV SURGXFLQJ WKH QHFHVVDU\ VWUXFWXUDO RVFLOODWLRQV IRU KDUYHVWLQJ HQHUJ\ FDQ EH
GHFRPSRVHG LQ PHDQ DQG WXUEXOHQW FRPSRQHQWV 6LPLX DQG 6FDQODQ  WKH ODWWHU KDYLQJ WKUHH
&DUWHVLDQ FRPSRQHQWV )X)Y)Z UHVSHFWLYHO\ DORQJ WKH[\] GLUHFWLRQVZLWK UHIHUHQFH WR D FRRUGLQDWH
V\VWHPDVWKHRQHVKRZQLQ)LJ+HUHRQO\WKH)XWXUEXOHQWFRPSRQHQWRIWKHZLQGDFWLRQGUDJIRUFH
RUWKRJRQDO WR WKH ELOOERDUG LV FRQVLGHUHG DQG LW LV REWDLQHG VWDUWLQJ IURP ZLQG WXUEXOHQW YHORFLW\ X
WXUEXOHQW ZLQG FRPSRQHQW DORQJ WKH [ GLUHFWLRQ LQ )LJ  ZKLFK KDV EHHQ PRGHOHG DV ]HURPHDQ
*DXVVLDQHUJRGLFSURFHVV'XHWRWKHUHODWLYHORZVL]HRIWKHFRQVLGHUHGVWUXFWXUHRQO\WKHUDQGRPVSDWLDO
YDULDWLRQZLWK WKHKHLJKW ] KDVEHHQ WDNHQ LQWR DFFRXQW E\ FRQVLGHULQJ WKHZLQG DFWLQJRQ YHUWLFDOO\
DOLJQHGSRLQWV8QGHU WKHVHDVVXPSWLRQV WKH WXUEXOHQWFRPSRQHQWX LVFRPSOHWHO\FKDUDFWHUL]HGE\ WKH
[SRZHUVSHFWUDOGHQVLW\PDWUL[>6@X7KHGLDJRQDOWHUPVDXWRVSHFWUD6XMXMRI>6@XM UHIHUULQJWR WKH WKUHH SRLQWV RI DSSOLFDWLRQ RI WKH DFWLRQ KDYH EHHQ H[SUHVVHG LQ WHUPV RI QRUPDOL]HG RQHVLGH
SRZHUVSHFWUDOGHQVLW\&DUDVVDOHDQG6RODUL6RODULDQG3LFFDUGRDV
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ZKHUHQ LV WKH FXUUHQW IUHTXHQF\ LQ+] ]M LV WKH KHLJKW LQP RI SRLQW MıX LV WKH YDULDQFH RI WKH
YHORFLW\IOXFWXDWLRQVJLYHQE\WKHUHODWLRQVKLS6RODULDQG3LFFDUGR
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ZKHUH9P]M LV WKH PHDQ ZLQG YHORFLW\ DW WKH KHLJKW ]M REWDLQHG E\ WKH ZHOO NQRZQ ORJDULWKPLF ODZ
6LPLX DQG6FDQODQ  DQG WKH LQWHJUDO VFDOHV/X]M KDYH EHHQ GHULYHG DFFRUGLQJ WR WKH SURFHGXUH
JLYHQLQ(6'8
7KHRXWRIGLDJRQDOWHUPVFURVVVSHFWUD6XMXNRI>6@XMN DUHJLYHQE\
H[S QIQ6Q6Q6 MNXXXXXX NNMMNM  
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
ZKHUH&] DVVXPHG HTXDO WR  LQ WKH QXPHULFDO DQDO\VHV UHSUHVHQWV WKH GHFD\ FRHIILFLHQW LQYHUVHO\
SURSRUWLRQDOWRWKHVSDWLDOFRUUHODWLRQRIWKHSURFHVV
$VVWDWHGEHIRUHWKHVSHFWUXPRIWKHZLQGYHORFLW\DQGWKHJOREDOGUDJIRUFHVKDYHEHHQHYDOXDWHG
IRU WKUHHSRLQWV ORFDWHGDWGLIIHUHQWKHLJKWVRI WKH)(PRGHODVVKRZQLQ)LJ$GRSWLQJVRPHURXJK
DSSUR[LPDWLRQVWKHVSHFWUDRIWKHJOREDOIRUFHVKDYHEHHQHYDOXDWHGE\DVVXPLQJWKDWWKHIRUFHFRKHUHQFH
LV WKH VDPH DV WKH YHORFLW\ FRKHUHQFH DQG QHJOHFWLQJ WKH YDULDWLRQ RI HDFK VSHFWUXP RQ WKH WULEXWDU\
VXUIDFHDUHDRIHDFKIRUFH8QGHU WKHVHDVVXPSWLRQV WKHDXWRVSHFWUXPRI WKHZLQG IRUFHDFWLQJRQ WKH
SRLQWMFDQEHREWDLQHGDV
      QQ6]9$FQ6





SUHVHQW VWXG\ 7KH DXWR VSHFWUXP GHVFULELQJ WKH WXUEXOHQW FRPSRQHQW RI D UHVSRQVH SDUDPHWHU G HJ
GLVSODFHPHQWUHIHUULQJWRWKHSRLQWMFDQEHFRPSXWHGDV
      QQ6Q+]9FQ6Q+Q6
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ZKHUHP LV WKHVWUXFWXUDOPDVVQ LV WKHXQGDPSHGIXQGDPHQWDOIUHTXHQF\RIWKHVWUXFWXUHDQGȞ LV WKH
UDWLRRIWKHGDPSLQJFRHIILFLHQWFWRWKHFULWLFDOGDPSLQJ
2QFH WKH VSHFWUXP LQ WKH GLVSODFHPHQWV UHVSRQVH SDUDPHWHU KDV EHHQ GHILQHG LW LV SRVVLEOH WR
WUDQVIRUP WKH VWUXFWXUDO UHVSRQVH LQWR HOHFWULFDO UHVXOWV ILUVW LQ WHUPV RI YROWDJH DQG WKHQ LQ WHUPV RI
SRZHUKDUYHVWHGIURPSLH]RHOHFWULFGHIRUPDWLRQ
%\ FRQVLGHULQJ WKH SLH]RHOHFWULF EORFN LQ )LJ  DV D YHUWLFDO PRQRD[LDO WHQVLRQFRPSUHVVLRQ
PHPEHUZLWK DQ XQGHIRUPHG VL]H+ DQG WKH ERWWRP VXUIDFH IL[HG RQ WKH WHUUDLQ LWV HORQJDWLRQǻ+ LV
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&RQVLGHULQJ WKH SLH]RHOHFWULF HIIHFW IRU D PDWHULDO ZLWK WKH VR FDOOHG ³ PRGH FRQILJXUDWLRQ´
H[WHUQDO IRUFH GLUHFWLRQ  LV RUWKRJRQDO WR SRODUL]DWLRQ GLUHFWLRQ  DV VKRZQ LQ )LJ  WKH IROORZLQJ
UHODWLRQVFDQEHZULWWHQ/LXHWDO

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FRQVWDQW UHODWHG WR WKH HOHFWULF ILHOG JHQHUDWHG LQ GLUHFWLRQ  GXH WR D GHIRUPDWLRQ H[SHULPHQWHG LQ
GLUHFWLRQ ( LV WKHPHFKDQLFDO HODVWLFPRGXOXV IRUPRQRD[LDO GHIRUPDWLRQ LQ GLUHFWLRQ  į LV WKH
GLHOHFWULF FRQVWDQW LQ GLUHFWLRQ  9 LV WKH SRWHQWLDO DVVXPHG E\ WZR SDUDOOHO VXUIDFHV KHUH WKH
SLH]RHOHFWULFH[WUHPHVXUIDFHVLQVLGHWKHHOHFWULFILHOGZKLFKDUHORFDWHGDWDUHODWLYHGLVWDQFHHTXDOWR/
KHUHWDNHQHTXDOWRP










7KHDXWRVSHFWUXPRI WKHYHUWLFDOGLVSODFHPHQWRI WKHSXQFWXDOFRQQHFWLRQEHWZHHQ WKHELOOERDUG OHJ
DQG WKH SLH]RHOHFWULF EORFN 6GG LV REWDLQHG IURPQXPHULFDO DQDO\VLV FDUULHG RXW XVLQJ WKH FRPPHUFLDO
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7KH UHVXOWV LQ WHUPV RI YROWDJH YDULDQFH DUH FDOFXODWHG E\ LQWHJUDWLQJ HTXDWLRQ  DQG WKHQ LW LV
SRVVLEOHWRGHILQHWKHSLH]RHOHFWULFKDUYHVWHGHQHUJ\LQWHUPVRIHOHFWULFSRZHUE\

Ș,9 3 DYUHFW           


































999UHFW   V          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
x DVXSHUFDSDFLWRUZLWKDQDYHUDJHFKDUJHFXUUHQWRIȝ$LVXVHGIRUWKHYROWDJHVWRUDJHDQGLWV
HIILFLHQF\LVa
2Q WKH EDVLV RI WKH FRQVLGHUDWLRQV LQ WKH FXUUHQW H[DPSOH WKH HQHUJ\ SURGXFWLRQ LV  N:K LQ WKH
SLH]RHOHFWULFHOHPHQWFRQQHFWHGWRYHUWLFDOOHJVDQGN:KLQWKHRQHFRQQHFWHGWRWKHREOLTXHOHJV
&RQFOXVLRQV
7KH FRQFOXVLRQV DUH LQ WKH IRUP RI VRPH LQGLFDWLRQV IRU SUDFWLFDO DSSOLFDWLRQV ,Q IDFW WKLV VWXG\
IRFXVHVWRWKHQXPHULFDODVSHFWRIWKHSUREOHPRQWKHEDVLVRISRWHQWLDOHQHUJ\QHHGVIRUDWUDQVSRUWDWLRQ
LQIUDVWUXFWXUHQHWZRUN ,QEHWZHHQ WKHUHDUHPDQ\RWKHUDVSHFWV WKDWQHHG WREH LQTXLUHG WKHRSWLPXP
DQG FRVW HIIHFWLYH XVH RI SLH]RHOHFWULF PDWHULDOV WKH HQHUJ\ VWRUDJH RSWLRQV WKH SRVVLELOLW\ IRU
SURGXFWLRQ DW DQ LQGXVWULDO OHYHO HWF 7KHVH UHTXLUH PXOWLGLVFLSOLQDU\ UHVHDUFK DQG FROODERUDWLRQ
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